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It should be clear that any VCVS based on two operational 
amplifiers is a second-order active-R filter which exhibits a 
low-pass characteristic, i.e., a two-integrators circuit with a trans- 
fer function given by 
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Brand and Schaumann [6] have shown that all second-order 
active-R filters can be derived from the general structure depicted 
in Fig. l(a). The transfer function denominator associated with 
both possible outputs ua, and us*, is 
Af~stract-A unified treatment of the active compensation for VCVS 
realized by operational amplifiers is presented. It is a summary of low- 
D(s)=2+s(c,GB,+y(JGB,)+GB,GB,(c,y,-cc,y,). (2) 
sensitivity circuit structures which can be either magnitude or phase Routine calculations shown that the condition for minimum 
compensated. The performance of such a circuits is discussed in detail. sensitivity with complex poles is [6] 
Experimental data for some of them are also included. 
c(Jy(J = 0. 
I. INTB~DUCTION Fulfilling that condition is equivalent to opening the local 
The high-frequency roll-off of the operational amplifier im- feedback loop of one integrator. Because the configuration is 
poses a practical limitation to their usefulness in RC-active filter symmetrical we may take c0 = 0 and consider alternatively either 
design. With the advent of low cost internally compensated dual we, or us2 as the output of the compensated VCVS. Henceforth 
operational amplifiers, the design of active-compensated voltage- 
controlled voltage sources (VCVS) is currently the most pop&r 
we shall call type-1 structures the circuit configurations with u,,, 
as the output of the compensated amplifier. Similary, we shall 
way to overcome such a limitation. In that sense, many ad hoc call type-II structures the configurations with u,,z as the output. 
circuit configurations have been reported for realizing com- Equations (4) and (5) show, respectively, the transfer function 
pensated amplifiers but a clear statement of the connections for both types of structures 
among these structures is missing and it remains difficult to select 
anyone of them for a specific application. In particular, most type-l: v,GB, + GBP,w, (4) 
discussion fail to point out two important considerations. The 
first one is a detailed exposition of the different criteria which 
can be used for achieving an improvement of the amplifier type-II: T,,(s)+ 
SC,% + GB,G&(w, + CRY,) 
frequency response. The second one being a discussion of the 
I D(s) 
sensitivity properties of the proposed compensation schemes. (5) 
This paper presents a unified approach to the generation of 
active-compensated VCVs’s. Starting from a second-order active- 
where to ensure stability we must impose the following condi- 
tions: 
R low-pass section, a procedure is formulated for finding circuit 
implementations to realize an amplifier either with amplitude y. > 0 and c,y,<O. (6) 
(maximally flat magnitude) or with phase ( --) 0) compensation. It is worth noting [6] that all parameters are differences of 
resistor ratios, i.e., e.g. (yi,c,)=xi-yi, with OG(xi,y,)Gl, 
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The authors are with the Department of Electricity and Electronics, Univer- 
however, in order to avoid large sensitivity due to difference 
sity of Seville, Seville, Spain, effects, we shall choose either xi or y, always equal to zero. 
‘BW’ can be considered as a meaningful measure since for phase compensa- Assuming that, the circuit in Fig. l(b) shows the general structure 
tion only circuit structures with Q 2 I are of interest. of any low-sensitivity compensated VCVS and provide definition 
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Fig. I. (a) Schematic representation of a general second-order active-R filter 
(b) General circuit structure of a low-sensitivity compensated VCVS. 
for the parameters in term of specific resistor ratios as follows: 
LYi git3 c,=--- I 
i gj ,i4tJj' 
i=1,2 
jzz1 
y;,L- Gi+3 
3 
2 Gj i Gj+Go 
3 i=1,2 
j=l j=4 
Yo’ 6 
G O  
2 G,+Go 
j=4 
(7-a) 
(7-b) 
(7-c) 
where either g,(G,) or g,+3(Gi+3) is always equal to zero depending on the sign of ci( y,), i = 1,2. Note that since the summations are 
performed by a resistive node, the following additional interconnection requirements can be derived: 
amplifier one : O~yo-~{(1--sgnyl)yl+(1--sgny2)y2)~1 
amplifier two : O< -i{(l-sgnc,)c,+(l-sgnc,)c,} <I 
(8-a) 
(8-b) 
(8-c) 
(8-d) 
which must be considered when making a particular design. 
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TABLE I 
DESIGNEQUATIONSFORTYPE-IANDTYPE-II STRUCTURES; 
PARAMETER b CORRESPONDSTO GB,/GB, 
2 
“” 
phase 
compensation 
condition 
magnitude 
compensation 
condition 
III. COMPENSATIONREQUIREMENTS compensated design requires obtaining the highest w,, and Q - 
Expressions (4)-(8) allow considerable freedom in choosing the values compatible with (10). 
different design parameters. In fact, many choices are possible A magnitude-oriented compensation scheme has to be directed 
and some of them correspond to particular cases which have been towards maximizing the frequency range where the magnitude 
renorted elsewhere 111-151. Hence, in order to take advantage of response is flat. From (1) this results in 
I -- -- 
that freedom we will identify me problem of what mu; be 
optimized in a compensated VCVS. Basically, authors engaged 
with that question have considered two different approaches, 
emphasizing either magnitude-oriented or phase-oriented com- 
WC/W0 Q= (13) 
J. 
1+2g 
Wo’ 
pensation criteria. 
A design based on the phase-compensation must minimize the Furthermore, a condition may be derived consisting in maxi- 
low-frequency phase error [4]. That error, from (l), is approxi- mixing the 3-dB bandwidth of the circuit. From Geiger’s paper [l] 
mately given by that bandwidth is given with (13) by 
BW=wo/w. (14) 
Then a maximum of BW compatible with (13) must be looked 
for. 
From (9) it is clear that we must impose the condition 
Q2i 
wo 
in order to reduce the value of Cp( w) to 
In the phase-oriented case the purpose of the design technique 
is twofold. The remaining phase-error must be reduced to a 
minimum while at the same time extending as much as possible 
the effective bandwidth, BW’, which will be defined as the 
frequency at which the gain value is increased by 3-dB.’ After 
routine calculations we get, using (10) 
BW’= we/m. (12) 
IV. PRACTICAL CIRCUITS 
Table I provides the design equations for type-1 and type-II 
structures. In what follows, we shall name these equations in a 
compact way by using a matrix-like terminology. For instance, 
the equation giving BW for the type-II will be termed as (11-7). 
These design equations have to be completed with the intercon- 
nection requirements given by (7) and (8). Matched operational 
amplifiers were not assumed since both structure types are sensi- 
tive to GB mismatch in a different way. 
In fact, we can generate different compensated VCVs’s by 
considering the combinations of the sign of the parameters in (7) 
and (8) which are compatible with the equations on Table I as 
well as with the stability conditions given by (6). Also, for type-II 
structures it is interesting to impose the additional constraint: 
sgn(w,) = w(c,y,) = sgnk, (15) 
which avoids an unnecessary limitation on the attainable value 
for m, in Table I. 
From (11) and (12), it should be clear that a “good” phase Figs. 2 and 3 show all the resulting practical circuits. In each 
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Fig. 2. Circuit configurations for type-1 compensated amplifiers: CI.1; CI.2 
[4] CI.3 [5]; CI.4 [4]. Parameter b corresponds to GB,/GB,. 
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Fig. 3. Circuit configurations for type-II compensated amplifiers: CII. 1, CII.2 
[I][31 CII.3 and CII.4. Parameter b corresponds to GB,/GB,. 
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TABLE II(a) 
PARAMETERVALUESFORPHASECOMPENSATION; k,,>O; 
PARAMETER b CORRESPONDSTO GB,/GB* 
Pircuit.oara 
Fete* signs-and 
interconection 
requirements. Optimum design parameter values 
YI Y2 <I 2 m 
cII.2 
kl,Y2)‘0 
(C2.Y,F0 
Y, 9, = 1 
TABLE II(b) 
PARAMETERVALUESFORPHASECOMPENSATION; k,<O; 
PARAMETER b CORRESPONDSTO GB,/GB, 
Circuit, par* 
meter sipns and 
incerconection 
requirements Optimum design parameter values 
I cI.3 (c1.c2)‘0 (Y,.Y2)‘0 
Cl + c2 = 1 
Yo-Y,-Y2= I 
cI.4 
Y2>0 
k,.c2,Y1)<0 
Cl + c2 =-1 
Yo-!, =a 
yoke Yo-Y,-1 
yoke 
-lk,l 
l+lkol 
(Y1,Y*)>O 
k,.c2vn 
r, 4 r2 =-1 
Y, + Y2 = 1 
cII.4 
c2>o 
(C,‘Y,.Y2)<0 
Yo-Y,-Y2' 1 
Y'Ik lb 
l-Y2 1 (l+ L) 
l+tkol l-Yoby, tb 
yokob 
-1 
l+lko t 
-1 
-l-c, ----W~kohob+Y~lko~b) 
l+lkol 
1 -!- 
l+lkol 
circuit the actual resistor ratios must be choosen in order to fulfill A. Phase Compensation 
either the phase or the magnitude compensation condition. Next, Phase compensation conditions have been applied to both 
we will consider the particular choices for both compensation type-1 and type-II structures. The results are summarized in 
conditions. Table II(a) for k, > 0 and Table II(b) for k. ( 0. A few remarks 
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TABLE III(a) 
PARAMETERVALUESFORMAGNITUDECOMPENSATION; k,>O; 
PARAMETER b CORRESPONDSTO GB,/GB, 
TABLE III(b) 
PARAMETERVALUESFORMAGNITUDECOMPENSATION; k,<O; 
PARAMETER b CORRESPONDSTO GB,/GB2 
Circuit “otiln”m ‘ie+ipn narameter values 
Y Y 0 Y1 2 Cl ‘2 
are noteworthy: 
1) Note from (I-2) and (11-2) that 1 c2/ and ] y2 1 have to be 
selected as high as possible in order to attain a maximum value 
for w,. Hence, the intercoMection requirements involving such a 
parameter have been chosen as unity whenever it does not give 
rise to a contradiction with the design equations. 
2) The values of the different parameters are listed as functions 
of y. and k,. In most cases, the designer is free to choose the 
particular value for y. but, from the expressions for BW’ and $J 
(see Table I), it should be clear that y. must be selected as small 
as possible in order to optimize the compensation. 
3) An additional constraint on the minimum value for y. is 
derived from a more detailed stability analysis including the 
operational amplifier’s second pole [7]. It results in 
w2 lW22 2 GB, W2: 
” GB,( w21+ w22) + y” GB, ( w2, + w*2)2 
’ ICZYZI (16) 
where w2i is the location for the i th (i = 1,2) operational ampli- 
fier’s second pole. 
B. Magnitude Compensation 
Table III(a) and III(b) depict the results of applying the 
magnitude compensation conditions to both types of structures. 
For every circuit, the parameter values allowing to attain a 
maximum BW are shown. These particular values have been 
derived by a computer-aided numerical analysis on the c, and y, 
values. 
V. DISCUSSION 
For convenience, we shall consider separately two cases de- 
pending on the sign of k,. A number of conclusions follow for 
both of them. 
A. k,>O 
From a phase compensation point of view the circuit CI.2 
exhibits performance superior to that of circuit CI. 1. It is due to 
the fact that for the same y. the former allows to obtain a higher 
(lower) value for m($), defined in Table I, than the latter. It must 
be remarked that Reddy’s circuit [4] is a special case of circuit 
CI.2, for y. = l/k,. The maximum value for m is obtained for the 
circuit CII.2 [3]. Nevertheless, the circuit CI.2 allows to attain a 
lower phase error and higher BW’ than CII.2 whenever y. for the 
former is selected, respectively, to be 
At the other hand, the maximum BW is obtained for circuit 
CII.2 in accordance with Geiger’s paper [l]. Moreover, it is 
important to note that circuits CI. 1 and CII. 1 have infinite input 
impedance, and in addition obtaining a BW value which is not 
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Fig. 4. Circuit CII.2 compensated amplifier for k, = 10.9. (a) Magnitude 
characteristics. (b) Phase characteristics. continuous trace lines correspond to 
the theoretical responses. 
+ corresponds to the measured response for the uncompensated amplifier. 
* corresponds to the measured response for the magnitude compensation. 
D corresponds to the measured response for the phase compensation. 
f(KHz) 
too far from the one obtained by the Geiger’s circuit (see Table CI.4 allows lower phase errors than CII.4. The former has been 
9. previously reported by Reddy for a = 1, a defined in Table II(b) 
B. k,<O 
[4]. However, for magnitude compensation, the maximum BW is 
obtained from circuit CII.4. 
For phase compensation, the circuits CI.4 and CII.4 yield the Finally, it is interesting to note that the phase compensation 
maximum value for m, defined in Table I. Moreover, the circuit condition remains still valid for type-1 structures no matter what 
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Fig. 5. Circuit CII.4 compensated amplifier for k, = - 10.9. (a) Magnitude 
characteristics. (b) Phase characteristics. 
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the degree of mismatch. This is an advantage when compared 
with phase-compensated type-II circuits. Quite in the contrary, 
for magnitude compensation, both types are sensitive to the 
mismatch, as can be seen on Tables I and III. 
VI. EXPERIMENTALRE~ULTS 
As an example of the performance of the different circuits, we 
show the magnitude and phase characteristics for the CII.2 and 
CII.4 considering both magnitude- and phase-compensation cases. 
Fig. 4 depicts the magnitude and phase response for the circuit 
CII.2 with k, = 10.9. Alternatively, Fig. 5 depicts the correspond- 
ing characteristics for the circuit CII.4 with k, = - 10.9. For both 
circuits we have used ~A747 dual operational amplifiers. 
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